Understanding and predicting patterns of distribution and abundance of marine resources is important for conservation and management purposes in small-scale artisanal fisheries and industrial fisheries worldwide. The goose barnacle (Pollicipes pollicipes) is an important shellfish resource and its distribution is closely related to wave exposure at different spatial scales. We modelled the abundance (percent coverage) of P. pollicipes as a function of a simple wave exposure index based on fetch estimates from digitized coastlines at different spatial scales. The model accounted for 47.5% of the explained deviance and indicated that barnacle abundance increases non-linearly with wave exposure at both the smallest (metres) and largest (kilometres) spatial scales considered in this study. Distribution maps were predicted for the study region in SW Portugal. Our study suggests that the relationship between fetch-based exposure indices and P. pollicipes percent cover may be used as a simple tool for providing stakeholders with information on barnacle distribution patterns. This information may improve assessment of harvesting grounds and the dimension of exploitable areas, aiding management plans and supporting decision making on conservation, harvesting pressure and surveillance strategies for this highly appreciated and socioeconomically important marine resource.
INTRODUCTION
Understanding and predicting patterns of distribution and abundance of marine resources is important for conservation and management in small-scale artisanal fisheries and industrial fisheries worldwide. Spatial planning and management of marine resources requires information on distribution patterns at relevant scales (Bekkby et al. 2009 ), which may be insufficient and/or difficult to obtain due to logistical constraints of biological sampling across large areas and/or in extreme habitats such as very exposed wave-swept rocky shores. When data are scarce, predicting distribution patterns using relationships between species abundance and physical variables may provide the required information and assist management and conservation decision making (Hill et al. 2010) .
The role of wave exposure as a key process shaping the composition of coastal communities has long been acknowledged (Ballantine 1961 , Kingsbury 1962 , Lewis 1964 . Wave exposure potentially affects both the organisms and their interactions directly by acting as a mechanical stressor (McQuaid and Branch 1985 , Menge and Sutherland 1987 , Denny 1988 ) and indirectly by affecting temperature (West and Salm 2003) , sedimentation (Airoldi 2003 , Schiel et al. 2006 , nutrient intake (Hearn et al. 2001 ) and productivity (Hurd 2000) , among other important ecological factors.
The goose barnacle Pollicipes pollicipes is an important shellfish resource on the northeast Atlantic coast from Brittany to Morocco and is intensively harvested on intertidal and shallow subtidal rocky shores (Boukaici et al. 2012 , Parada et al. 2012 , Sousa et al. 2013 . In its distribution range, P. pollicipes occurs mostly at wave-exposed locations such as capes and headlands (Barnes 1996) , but within these locations its abundance varies at small spatial scales (metres apart), depending on the orientation of the site to the prevailing incoming wave direction ). On less exposed areas, P. pollicipes occurrence is rare and mainly restricted to a few individuals occupying small shelter areas such as cracks and crevices. Recent observations made on the SW coast of Portugal suggest that top-down control via predation is one of the main processes shaping P. pollicipes abundance patterns (unbuplished results), and may vary along wave exposure gradients at a multitude of spatial and temporal scales.
Along the SW coast of Portugal, exposed rocky shores dominate the coastal landscape. Despite a few headlands, this coastline is roughly rectilinearly oriented from north to south and exposed to dominant NW and W swells (Instituto Hidrográfico 2006) . At smaller spatial scales the topography of the coast often results in an intricate mesh of exposed and less exposed locations where goose barnacle abundance is highly variable at the scale of metres. Borja et al. (2006) have shown that the distribution, coverage, and biomass of goose barnacles in the Gaztelugatxe Marine Reserve (Basque Country, Spain) are related to the wave regime and the energy received in each coastal sector. On this coast, these authors associated higher coverage and biomass of P. pollicipes with higher energy values. They suggest that the numerical models used to simulate the energy produced by waves may be used as a tool in predicting potential biomass of goose barnacles along the Basque coasts.
Modelling wave energy reaching the coast often requires specialized software and elaborate datasets (e.g. detailed bathymetry, oceanographic and meteorological data) that are not readily available for most study regions worldwide. Existing methods range from cartographic solutions to complex numerical hydrodynamic simulations, and differ in the scale and spatial coverage of their outputs, performance and ecological relevance (Sundblad et al. 2014) . Simple topographical indices based on the openness of the coastline combined with local wind data have been shown to be useful tools in the assessment of wave exposure variability at different spatial scales, depending on the resolution of the available cartography (Burrows et al. 2008) . In recent years, several authors have developed computerized methods for deriving topographical indices of wave exposure based on digitized coastlines (Ekebom et al. 2003 , Lindegarth and Gamfeldt 2005 , Hill et al. 2010 . Such methods often consist in determining the wave fetch for a particular location as the distance to the nearest coastline in angular sectors, which, in combination with metrics from local wave and wind data, may be used to estimate different wave exposure indices.
Satellite imagery, cartographic and geographic information systems (GIS) resources, oceanographic and meteorological data and forecast models available online provide data that researchers worldwide can access and use for research purposes. Satellite imagery provided from online services and GIS software may be used to draw digitized coastlines of any specific location at an appropriate resolution for most coastal ecological studies. Online forecasting weather services, based on data produced by meteorological and oceanographic forecast models (e.g. the Global Forecast System [GFS], Weather Research and Forecasting [WRF] and the NOAA wave watch III model [NWW3]), provide model estimates for most coastal locations worldwide. These data, in combination with digitized coastlines, may then be used in cost effective GIS projects that provide researchers and stakeholders with the information they need to meet their management goals.
We modelled the abundance (estimated as percent coverage) of P. pollicipes as a function of a simple wave exposure index based on fetch estimates from digitized coastlines at different spatial resolutions and wave energy derived from oceanographic and meteorological data provided from nearby stations.
The aim of this study was to predict P. pollicipes abundance along a stretch of coast in SW Portugal and to discuss the potential use of this model as a simple and cost-effective management tool for the goose barnacle fishery in Portugal.
MATERIALS AND METHODS

Biological sampling
In the summer of 2010, P. pollicipes percent cover in the mid-intertidal of rocky shores in a 50-km study region in SW Portugal (a total of 94 sites tens of metres apart, sampled in seven areas kilometres apart, as shown in Fig. 1 ) was estimated by digital analysis of photo-quadrats (n=5) taken at each site. ImageJ software (Abràmoff et al. 2004 ) was used to superimpose an orthogonal 2.5-cm dotted grid on the digital images and to estimate the proportion of dots over goose barnacles in each image.
Digital coastline
Using QGIS geographical information systems software (www.qgis.org) with OpenLayers plugin, a high resolution digital coastline of SW Portugal was created based on satellite imagery (1:2000) provided by Google. Three spatial resolutions (10 m, 100 m and 1 km cell size) were used to create grid maps of the study area from digital coastline polygons.
Fetch estimates
Using the WAVE FETCH MODEL software (Burrows et al. 2008) , wave fetch was determined as the distance (m) to the nearest land cell in sixteen 22.5° angular sectors (N, NNE, NE, …, NNW), by searching the surrounding cells up to a distance of 10 km for every coastal cell in the grid maps (at all spatial resolutions).
Wind energy
We used data from a five-year time series (2005) (2006) (2007) (2008) (2009) (2010) provided by a meteo-station at a nearby location (8°52'43"W, 37°57'15"N) that sampled wind direction (16 angular sections: N, NNE, NE, …, NNW) and speed (m s -1 ) (among other variables) at a 10-min rate (incomplete data series with several gaps per year). Wind energy for each angular sector was estimated as the product of the square of the mean wind speed and the respective mean yearly relative frequency for the available data period.
Wave energy
We used data from a five-year time series (2005) (2006) (2007) (2008) (2009) (2010) provided by an oceanographic buoy at a nearby location (8°55'44"W 37°55'16"N) that sampled wave direction (16 angular sections: N, NNE, NE, …, NNW) and significant height (m) (among other variables) at a 10-min rate (incomplete data series with several gaps per year). Wave energy for each angular sector was estimated as the product of the square of the mean significant wave height and the respective mean yearly relative frequency for the available data period.
Exposure indices
Three exposure indices based on fetch measurements and wind and wave energy were estimated for every coastal cell in the grid maps at all spatial resolutions (10 m, 100 m and 1 km): 1) FeEx sum , the sum of fetch estimates for all angular sections; 2) WaEx sum , the sum of the product of fetch and wave energy for all angular sections; and 3) WiEx sum , the sum of the product of fetch and wind energy for all angular sections.
Data analysis
Using nearest point analyses in a GIS environment, each biological sampling site was assigned to the set of exposure indices from the nearest coastal cell in the grid maps at each spatial resolution considered (10 m, 100 m and 1 km).
Generalized additive models (GAM) were used to model the response variable, the percent cover of P. pollicipes, as a function of the explanatory variables, i.e. each type of exposure index (FeEx sum , WaEx sum or WiEx sum ) at different spatial resolutions (10 m, 100 m and 1 km). GAMs were constructed using the Poisson distribution family (corrected for over-dispersion) and the log-link function (Zuur et al. 2007 ). Thin plate regression spline smoothers with fixed degrees of freedom (df=6) were used for nested model comparison (Wood 2006) . Of the data, 80% was used for model building and the remaining 20% was used for model validation, which was done by comparing (paired ttest) predicted model results with data from a new set of photo-quadrats (n=18 paired data points). All analyses were done using R statistical software (www.r-project. org)
RESULTS
In the study region (Fig. 1) , barnacle abundance was highly variable at all spatial scales considered (10's m to 10's km). P. pollicipes mean percentage cover sampled in the mid-shore at the sampling sites (n=94) ranged from 0% to 64.6% (1.6% and 10.6%, median and mean, respectively). Both subsets of data used for model construction (80%) and model validation (20%) had similar distributions (Welch Two Sample t-test: t=0.099, df=25.028, p=0.9219).
Fetch estimates (FeEx sum ) were obtained for every coastal cell from grid maps at 1 km, 100 m and 10 m resolutions and an example of their variability is shown in Figure 2 . FeEx sum varied between 35.1 and Figure 3 , and support the assumption that the study region is mainly exposed to northwesterly winds and waves. The estimated energy per coastal sector suggests that most wind energy comes from the NW-ENE but there is also a strong component of wind energy that reaches the coast from the SSW-S. Wave energy, as estimated from local data, strikes the coast mainly form the WNW-NW. Exposure indices based on wind and wave energy were computed for each coastal cell at all spatial resolutions considered in the present study (results not shown).
The model that best and most parsimoniously described the relationship between barnacle abundance Numerical output for the model is shown in Table  1 , and smoothing functions and model validation plots are shown in Figure 4 . The effects of the parametric intercept coefficient and the smoothing terms for both explanatory variables were significant (p<0.05). For model validation purposes, deviance residuals were plotted against the explanatory variables, showing no discernible patterns (Fig. 4C and D) . Again for model validation purposes, a paired t-test on another set of data with both observed and predicted values was performed and the result was non-significant (p=0.87), suggesting a good agreement between the observed and predicted values, and thus validating the model. According to the model, barnacle abundance increases non-linearly with wave exposure at both the smallest (metres) and largest (kilometres) spatial scales considered in this study.
The use of other exposure indices, accounting for wind and wave energy, to predict barnacle abundance in the study region did not increase the power or predictive value of the model (model outputs not shown) in comparison with a simpler, fetch-based exposure index model. Each of the three models performed similarly in predicting abundance of P. pollicipes for a subset of data (paired t-test: observations vs predictions; not significant; p>0.05), and no significant differences were found between the predicted abundance values based on either model (paired t-test: not significant; p>0.05).
A goose barnacle distribution map based on model predictions along natural the rocky coast of the study region is shown in Figure 5 . Three areas with larger predicted barnacle abundance values (>15%) are perceivable and are related to the three main headlands in the study region. A total of 54.4 km of natural rocky shores was estimated in the study region, based on the sum of coastal cells from the small-scale grid map (10 m), excluding sandy beaches and artificial coastal structures. According to the model, goose barnacle abundances similar to those previously reported in harvesting areas (>15% of barnacle cover in the mid-shore; Sousa et al. 2013 ) were predicted to occur in about 17.0 km (31.3%) of rocky coast in the same region.
DISCUSSION
It has been long recognized that the distribution of the goose barnacle (Pollicipes pollicipes) along its geographical range is associated with heavy surf and strong water flows (Barnes 1996) , and previous studies have shown that wave incident energy is one of the main environmental factors determining the absence or abundance of the goose barnacle . Therefore, the strong predictive power of the wave exposure indices used in the present study is not surprising. These simple wave exposure indices, the multiscale approach and the accessible digital tools used in the present study may provide an effective framework for barnacle distribution modelling with direct application in the goose barnacle fishery and conservation.
In the present study we sampled for goose barnacles in a wide range of exposure conditions at different spatial scales along a stretch of coast in SW Portugal. Barnacle abundance data, from totally absent to high percentage covers, as observed in other studies in the same region (Sousa et al. 2013) , were fed into predictive models in which wave exposure indices at different spatial scales were used as explanatory variables.
Three different wave exposure indices were used: a simple fetch-based index and two others based on the previous one but weighted with directional wind and wave data observed in the study region. Despite the added complexity, which could potentially give the model a higher level of realism by taking into account the regional meteorological and oceanographic conditions, the wind and wave energy weighted fetch-based indices did not increase the power or predictive value of the models in comparison with a simpler fetch-based model. Fetch, as a wave exposure index, was a fairly good predictor of barnacle abundance in rocky shores of SW Portugal, explaining a large amount of the variation observed in P. pollicipes distribution patterns in the study area. However, other factors acting on larger or smaller spatial scales, such as substrate type and inclination, biological interactions, harvesting pressure and others that were not addressed in this study, are also very important in shaping barnacle distribution patterns (Sousa et al. 2013) .
It should be noted that more realistic oceanographic models on marine dynamics in coastal areas based on the available offshore wave energy and including the main physical processes affecting wave energy distribution along the coast, such as refraction and diffraction, and detailed bathymetry ) could potentially explain a higher proportion of the data variability that our approach could not account for.
The present study suggests that the relationship between fetch-based exposure indices and P. pollicipes percent cover may be used as a simple tool to provide stakeholders with information on barnacle distribution patterns that may lead to better assessment of harvesting grounds and the dimension of exploitable areas, which may improve management plans and support decision making on conservation, harvesting pressure and surveillance strategies for this highly appreciated and socio-economically important marine resource. As an example, a total of 17.0 km of rocky coast with expected exploitable areas out of 54.4 km of rocky coast in the study region was predicted according to the model. The identification of these areas could now be used for management (e.g. spatial zoning and definition of number of harvesting licences) and surveillance purposes. It can also be useful for establishing a rotational moratorium in a number of areas likely to be exploited, and may permit the maintenance of a spawning pool of larvae that nourish and sustain the exploited areas, as suggested by Borja et al. (2000) and Bald et al. (2006) .
As used in this study, free, open-source software in addition to simple biological monitoring strategies offers an attainable cost-effective management tool that may be implemented by stakeholders and resource users in areas where barnacle harvesting is an important socio-economic activity. Studies such as this one may serve to establish protected areas for conservation of certain commercially important sensitive species, such as the goose barnacle, and to prevent the subsequent damage of the associated communities.
